Stroke is the second leading cause of death in the world and in South Korea. Ischemic stroke and silent brain infarction (SBI) are complex, multifactorial diseases influenced by multiple genetic and environmental factors. Moderately elevated plasma homocysteine levels are a major risk factor for vascular diseases, including stroke and SBI. Folate and vitamin B12 are important regulators of homocysteine metabolism. Reduced folate carrier (RFC), a bidirectional anion exchanger, mediates folate delivery to a variety of cells. We selected three known RFC-1 polymorphisms (-43C>T, 80A>G, 696T>C) and investigated their relationship to cerebral infarction in the Korean population. We used the polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method to analyze associations between the three RFC-1 polymorphisms, disease status, and folate and homocysteine levels in 584 ischemic stroke patients, 353 SBI patients, and 505 control subjects. The frequencies of the RFC-1 -43TT, 80GG, and 696CC genotypes differed significantly between the stroke and control groups. The RFC-1 80A>G substitution was also associated with small artery occlusion and SBI. In a gene-environment analysis, the RFC-1 -43C>T, 80A>G, and 696T>C polymorphisms in the ischemic stroke group had combined effects with all environmental factors. In summary, we found that the RFC-1 -43C>T, 80A>G, and 696T>C polymorphisms may be risk factors for ischemic stroke.
Introduction
Stroke is the second leading cause of death in the world and in South Korea [1, 2] . Approximately 80% of strokes are ischemic in origin [3, 4] . Ischemic stroke is a complex, multifactorial disease influenced by multiple genetic and environmental factors [5, 6] . Stroke risk is associated with various biological pathways, including the homocysteine metabolism, lipid metabolism, and hemostasis [7] [8] [9] . Silent brain infarction (SBI) is an asymptomatic infarction that is often incidentally detected via computed tomography (CT) scans or magnetic resonance imaging (MRI) in subjects with no history of stroke. The presence of SBI is an independent risk factor for the development of symptomatic infarction [10] [11] [12] [13] [14] .
Moderately elevated plasma homocysteine levels are a major risk factor for vascular diseases, including stroke and SBI [7, [15] [16] [17] [18] [19] . A meta-analysis of prospective observational studies showed that a 25% lower plasma homocysteine level was associated with an 11% lower risk of ischemic heart disease and a 19% lower risk of stroke [20] . Folate and vitamin B12 are important regulators of homocysteine metabolism, and studies show an inverse relationship between folate intake and plasma homocysteine [21] . Several folate metabolism enzyme polymorphisms are associated with elevated plasma homocysteine levels [7, [22] [23] [24] [25] . Taken together, these observations suggest that the regulation of plasma homocysteine and folate levels is associated with stroke and SBI risk.
Folate supplies the carbon group needed to methylate homocysteine and form methionine, with vitamin B12 acting as a cofactor [26] . The transport of folate and its analogs into mammalian cells occurs by carrier-mediated, as well as receptor-mediated, mechanisms. The reducedfolate carrier (RFC) protein is a bidirectional anion exchanger that mediates folate delivery into a variety of cells [27, 28] . In previous studies, the human gene RFC-1, also known as SLC19A1, has been cloned, and the primary structure of the protein has been resolved [29, 30] .
RFC-1 has a number of single nucleotide polymorphisms (SNPs). We selected three (-43C>T, 80A>G, and 696T>C) and investigated their relationship to ischemic stroke and SBI in Korean patients. In addition, we studied the association between the selected RFC-1 polymorphisms and homocysteine and folate levels in patients and control subjects.
Materials and Methods

Study subjects
This study, including the consent procedure, was reviewed and approved by the institutional review board (IRB) of CHA Bundang Medical Center in October 2009, and written informed consent was obtained from all participants. We recruited 584 consecutive ischemic stroke patients referred by the Department of Neurology at CHA Bundang Medical Center from March 2004 to February 2010. All ischemic stroke patients suffered from rapidly developing clinical symptoms and signs of focal and/or global loss of brain function and displayed evidence of cerebral infarction in clinically relevant areas of the brain, according to MRI and electrocardiography. Based on clinical manifestations and neuroimaging data, two neurologists used the Trial of Org10172 in Acute Stroke Treatment criteria to classify ischemic strokes into four etiologic subtypes: small artery occlusion (SAO), large artery occlusion (LAO), cardiac embolism (CE), and undetermined (UD) [31] . Single and multiple (2) lesion SAOs were distinguished using brain MRI scans. The sizes and sites of cerebral infarctions were documented only with MRI.
We recruited 353 patients diagnosed with SBI by two independent neurologists after MRI scans and electrocardiography at the CHA Bundang Medical Center. All SBI patients had: 1) spotted areas 3 mm in diameter and supplied by deep perforating arteries, showing high intensity in the T2 and fluid attenuated inversion recovery images and low intensity in the T1 image, 2) the absence of neurological signs and symptoms that could be explained by the lesions observed by MRI, and 3) no clinical history of strokes including transient ischemic attacks. We did not consider small punctate hyperintensities (1-2 mm in diameter) in this study because they likely represented dilated perivascular spaces.
We recruited 505 control subjects matched by sex and age within 5 years to the ischemic stroke and SBI patients. Control subjects received health examinations at our hospitals, including biochemistry testing, an electrocardiogram, and a brain MRI, during the recruitment period. None of the control subjects had a recent history of cerebrovascular disease or myocardial infarction. We confirm that all data underlying the findings are fully available without restriction (S1 Table in S1 File). All relevant data are within the paper and its Supporting Information files (S1 Table in S1 File and S2-S13 Tables in S2 File) .
Genotyping RFC-1 polymorphisms
We obtained DNA from subject blood samples using the G-DEX blood extraction kit (iNtRON Biotechnology, Inc., Seongnam, South Korea). We performed a bioinformatic search of the HapMap database (http://www.hapmap.org) to identify three known SNPs in RFC-1: -43C>T (rs1131596), 80A>G (rs1051266), and 696T>C (rs12659). We screened study participants for these polymorphisms using the polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method [32] .
Estimation of homocysteine and folate levels
We collected plasma samples to measure homocysteine and folate levels within 48 hours of stroke onset or SBI detection. Twelve hours after the patient's last meal, we collected whole blood in a tube containing anticoagulant. We centrifuged the tube for 15 min at 1000 × g to separate the plasma. We then measured plasma homocysteine concentrations using a fluorescent polarizing immunoassay with the IMx system (Abbott Laboratories, Chicago, IL, USA) and plasma folate concentrations with a radioassay kit (ACS 180; Bayer, Tarrytown, NY, USA).
Statistical analysis
We estimated associations between the RFC-1 genotypes and ischemic stroke and SBI by computing odds ratios (ORs) and 95% confidence intervals (CIs) and by performing Fisher's exact test. We determined the adjusted odds ratios (AORs) for the RFC-1 polymorphisms by performing a multiple logistic regression analysis that included sex, age, diabetes mellitus, hypertension, hyperlipidemia, and smoking variables. We also performed an analysis of stroke subgroups, stratified according to the size of the occluded vessel. We compared mean homocysteine concentrations among different genotypes using one-way analysis of variance. We tested multiple hypotheses using the Benjamini-Hochberg procedure to control the false discovery rate in unconditional logistic regression analysis [33] . Calculating the false discovery rate addresses the effect of multiple comparisons on the overall experimental error rate by estimating the proportion of false positives among the data. We accepted statistical significance for all hypothesis tests at the P<0.05 level. StatsDirect Statistical Software (version 2.4.4; StatsDirect Ltd, Altrincham, UK) was used to calculate AORs and 95% CIs. We estimated haplotype frequencies for multiple loci using the expectation-maximization algorithm and SNPAlyze (version 5.1; DYNACOM Co., Ltd., Yokohama, Japan). Table 1 shows the clinical characteristics of the case and control groups. Both the ischemic stroke and SBI groups had significantly higher plasma homocysteine and folate concentrations than controls. Table 2 shows a comparison of RFC-1 -43C>T, 80A>G, and 696T>C genotype frequencies in the ischemic stroke, SBI, and control groups. The frequencies of the -43TT genotype, the 80GG genotype, and the 696CC genotype were significantly higher in the ischemic stroke group than in the control group. Initially, the frequency of the RFC-1 80AG+GG genotypes appeared to be significantly higher in the SBI group than the control group; however, after correcting for multiple testing, this result was no longer significant. By contrast, the RFC-1 -43C>T, 80A>G, and 696T>C polymorphisms were associated with significantly increased odds of ischemic stroke, even after correcting for multiple testing. Thus, there was a significantly higher prevalence of RFC-1-43/80/696 minor alleles in ischemic stroke patients than in controls. Logistic regression demonstrated that the frequency of the RFC-1 minor alleles (-43T, 80G, and 696C) was significantly different between ischemic stroke patients and controls (P<0.05; Table 2 ).
Results
When we stratified ischemic stroke data by the size of the occluded vessel, we found an association between all three RFC-1 polymorphisms and both single and multiple SAOs (Table 3 and S2 Table in S2 File). However, we did not find significant associations between any of the RFC-1 polymorphisms and the other ischemic stroke subtypes (i.e., LAO, CE, and UD; Table 3 ). The frequencies of the -43TT genotype, the 80GG genotype, and the 696CC genotype were also significantly higher in SAO patients than controls. Furthermore, the frequencies of dominant and recessive models presented significant P-values (<0.005) in SAO patients than controls. A comparison of RFC-1 polymorphism genotype frequencies and AORs for stroke subtypes and patients with SBI is shown as S3 Table in S2 File. There were significant frequency differences for the-43C>T polymorphism between SAO patients and multiple SAO subtypes and patients with SBI.
We constructed haplotypes for the three RFC-1 polymorphisms (Table 4 ). The frequencies of several haplotypes differed significantly between SAO patients and controls (S3 and S4 Tables in S2 File). For example, compared to controls, the frequency of the C-A-T (-43/80/ 696), C-A (-43/80), and A-T (80/696) haplotypes was significantly lower in (1) all stroke patients and (2) SAO patients only. By contrast, compared to controls, the frequency of the C-G-T (-43/80/696) and C-G (-43/80) haplotypes was significantly higher in (1) all stroke patients and (2) SAO patients only. We also found different haplotype frequencies between SBI patients and controls. For example, the frequency of the T-A-C, T-G-T (-43/80/696), and T-A (-43/80) haplotypes was significantly lower in SBI patients than controls. Furthermore, the frequency of the T-G-T (-43/80/696) haplotype was significantly lower in all stroke patients than controls.
To further elucidate the genetic etiology of ischemic stroke and SBI, we examined the association between polymorphisms in ischemic stroke and SBI patients and various environmental factors, including homocysteine and folate levels, hypertension, diabetes mellitus, hyperlipidemia, and smoking (Table 5 and S5 Table in c False discovery rate-adjusted P value for multiple hypothesis testing using the Benjamini-Hochberg method.
doi:10.1371/journal.pone.0115295.t002 Table 3 . Comparison of genotype frequencies and AOR for the RFC-1 -43C>T, 80A>G, and 696T>C polymorphisms between the ischemic stroke subgroups with smallartery occlusion, large-artery occlusion, cardio embolism, undetermined and control subjects.
Genotype Control (%) n = 505
Small-artery occlusion Large-artery occlusion patients. Folate cut-off values were 3.32 ng/ml in stroke patients and 4.45 ng/ml in SBI patients. We found associations between each of the three polymorphisms and hyperhomocysteinemia and folate deficiency in ischemic stroke and SBI patients ( Table 5 ). The combined gene-environment analysis revealed many combined effects of genotype and clinical factors on ischemic stroke risk (S5 Table in S2 File) . For example, the RFC-1-43, 80, and 696 polymorphisms showed combined effects in combination with all environmental factors in ischemic stroke patients. To detect any possible correlations between homocysteine and folate levels, we classified all subjects by their RFC-1 genotype: wild type homozygous, heterozygous, and mutant homozygous (S6 Table in S2 File). We found significant inverse correlations between homocysteine and folate levels in heterozygous (RFC-1-43CT, 80AG, 696TC) individuals in the control and ischemic stroke groups and homozygous (RFC-1 -43TT, 80GG, 696CC) individuals in the ischemic stroke, SBI, and control groups. In addition, we analyzed the correlation between homocysteine and folate levels after stratifying by sex, RFC-1 genotype, and ischemic stroke/silent brain infarction/control status (S7 Table in S2 File) . This analysis showed that a significant correlation between homocysteine and folate levels occurred more often in female groups than male groups. Interestingly, this correlation was present in all RFC-1 mutant homozygote groups with SBI, for both sexes (S6 and S7 Tables in S2 File) . S8 and S9 Tables in S2 File show homocysteine and folate levels stratified by RFC-1 genotype and disease condition. We analyzed a total of 1,442 individuals (584 stroke patients, 353 SBI patients, and 505 controls) from two different case-control samples according to date of recruitment (S10-S13 Tables in S2 File). In both samples, the RFC-1 80A>G polymorphism was significantly elevated among both SAO subtypes. This result suggests that the RFC-1 80A>G substitution is an important risk factor for stroke caused by SAO.
Discussion
Folate is a crucial nutrient that supports important physiological functions, such as DNA synthesis, cell division, and substrate methylation. Folate is the strongest nutritional and pharmacological determinant of plasma homocysteine concentrations, which are associated with an increased risk of cardiovascular disease, though the relationship has not been proven to be causal [34] . Some evidence supports an independent protective effect for folate against vascular diseases. For example, several studies suggest that increased folate intake is associated with decreased risk of ischemic stroke and cardiovascular disease [35] [36] [37] [38] . Regardless of the exact mechanism, folate metabolism is strongly associated with ischemic stroke and SBI.
Intracellular uptake of folate is mediated in part by RFC-1, which is encoded by the human solute carrier family 19, member 1 (SLC19A1) gene. RFC-1 is a high capacity, bidirectional transporter of 5-methyltetrahydrofolate and thiamine monophosphate. In addition to its role in folate uptake, RFC-1 plays a critical role in folate homeostasis in mammalian cells, where it is down-regulated in response to folate deficiency [39] . Human RFC-1 has many polymorphic sites; above all, RFC-1 80A>G has been observed in association with disease by several research groups. In one Italian study, the RFC-1 80A>G substitution was elevated among children with neural tube defects, their mothers, and their fathers [40] . Another study on the same substitution in China found that among infants whose mothers did not use folate supplements during pregnancy, the risk of congenital heart disease was significantly higher for infants with the GG and AG genotypes than the AA genotype [41] . In yet another study, the A allele had a significant protective effect against thrombosis [42] . Several studies have also investigated the relationship between this polymorphism and various cancers; one found a significant association between RFC-1 80A>G and esophageal and gastric cancers in the Chinese population [43] .
In this study, we found that individuals with the RFC-1 80A>G substitution have a higher risk of ischemic stroke and SBI. We found similar results for SAO. A previous report has shown that the homozygous AA genotype is associated with high plasma folate levels [44] . In addition, increased folate intake is associated with a decreased risk of ischemic stroke in men [35] . These previous results, together with our findings, suggest that the RFC-1 80G allele is related to low plasma folate levels. We found a relationship between RFC-1 polymorphisms and hyperhomocysteinemia and folate deficiency in individuals with ischemic stroke as well as some heterozygous and mutant homozygous SBI groups. Our results suggest that the RFC-1-43, 80, and 696 polymorphisms affect plasma homocysteine and folate levels, albeit indirectly (S5 and S6 Tables in S2 File).
The RFC-1 -43C>T and 696T>C polymorphisms are not as well studied as the 80A>G polymorphism. One study found that the RFC-1 -43C>T polymorphism is associated with RFC-1 expression in rheumatoid arthritis patients receiving methotrexate treatment [45] . Another study found that the RFC-1 696T>C polymorphism is significantly more common in spontaneously aborted embryos than control children [46] . The RFC-1 696T>C polymorphism, especially the homozygous C genotype, has also been associated with increased risk of lung cancer [47] .
We found a significant association between the RFC-1-43 and 696 polymorphisms and risk of ischemic stroke. As was true of the RFC-1 80 polymorphism, we found associations between the RFC-1-43 and 696 polymorphisms and SAO. We did not, however, find a relationship between the RFC-1-43 and 696 polymorphisms and SBI, or between the polymorphisms and plasma folate and homocysteine levels.
The pathophysiological aspects of SBI and single SAOs are quite similar. Thus, we expect that the underlying genetics are also similar. As shown in S5 Table in S2 File, there were significant differences in the frequency of the-43C>T polymorphism between SBI and SAO cases and SBI and multiple SAO subtypes. However, -43C>T genotype frequency was not different between the SBI and single SAO groups. These results suggest that pathophysiological mechanisms differ between SBI and multiple SAOs and are similar to those from a study on VEGF polymorphisms [48] .
The three polymorphisms we studied did not have a direct relationship with plasma homocysteine and folate levels. In a separate analysis, we analyzed correlations between homocysteine and folate levels in the control, ischemic stroke, and SBI groups. We found significant inverse correlations between homocysteine and folate levels in RFC-1 heterozygous (RFC-1-43CT, 80AG, 696TC) and mutant homozygous (RFC-1 -43TT, 80GG, 696CC) individuals in the control, ischemic stroke, and SBI groups; individuals heterozygous or mutant homozygous for the RFC-1-43, 80, and 696 substitutions tended to have high homocysteine and low folate levels. Hyperhomocysteinemia is a known risk factor for ischemic stroke and SBI [7, [15] [16] [17] [18] [19] [20] . In addition, folate is used to treat hyperhomocysteinemia [21, 49] .
Previous reports, combined with our findings, suggest that the three RFC-1 polymorphisms work together to affect plasma levels of homocysteine and folate; these levels are related to risk of ischemic stroke and SBI. We performed a genotype analysis using upper 15 th percentile cutoff values for homocysteine and lower 15 th percentile cut-off values for folate. We found a relationship between RFC-1 polymorphisms and hyperhomocysteinemia and folate deficiency in individuals with ischemic stroke as well as some heterozygous and mutant homozygous SBI groups. Our results suggest that the RFC-1-43, 80, and 696 polymorphisms affect plasma homocysteine and folate levels, albeit indirectly. Our study suggests that RFC-1 minor alleles (-43/80/696) are related to increased ischemic stroke risk (Table 2 ). In addition, our haplotype analysis revealed that the frequencies of several RFC-1 haplotypes were significantly different between control subjects and patients with ischemic stroke (SAOs) and SBI. For example, C-G-T (-43/80/696) and C-G (-43/80) haplotype frequencies were higher in ischemic stroke patients than in control subjects. On the other hand, C-A-T (-43/80/696) and C-A (-43/80) haplotype frequencies were lower in ischemic stroke subjects than in control subjects. These results appear to be driven by the substitution of the G allele for the A allele at RFC-1 80, corresponding to the results of our genotype frequency analysis and lending further support to the hypothesis that the RFC-1 80 G allele is associated with ischemic stroke risk.
The present study has several limitations. First, it is not yet clear which genetic polymorphisms predict phenotypes associated with ischemic stroke and SBI. Second, our results cannot be extrapolated to other races, because interethnic variability in the frequency of stroke subtypes and genotypes may produce different results. Third, this was a hospital-based case-control study with relatively small stroke subtype sample sizes. Therefore, additional studies involving different races, ethnic groups, or samples of populations with homogeneous origins are needed to confirm our results.
In summary, we identified a relationship between the RFC-1 -43C>T, 80A>G, and 696T>C polymorphisms and ischemic stroke. Certain RFC-1 haplotypes also had a significant association with ischemic stroke. In addition, we found a relationship between RFC-1 polymorphisms and hyperhomocysteinemia and folate deficiency. These findings suggest that the RFC-1 80G allele may be a useful marker for evaluating ischemic stroke risk. Furthermore, we propose that all three of the RFC-1 polymorphisms that we examined are genetic determinants for ischemic stroke risk in the Korean population. Additional studies on the biological functions of RFC-1 are needed to fully understand the role of RFC-1 polymorphisms in controlling plasma homocysteine and folate levels in ischemic stroke and SBI patients. 
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